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New interest in the potential for shale gas in the United Kingdom (UK) has led to renewed exploration for
hydrocarbons in the Carboniferous age BowlandeHodder shales under Central and Northern England.
Following an incidence of induced seismicity from hydraulic fracturing during 2010 at Preese Hall,
Lancashire, the publically available databases quantifying the in-situ stress orientation of the United
Kingdom have shown to be inadequate for safe planning and regulation of hydraulic fracturing. This
paper therefore reappraises the in-situ stress orientation for central and northern England based wholly
on new interpretations of high-resolution borehole imaging for stress indicators including borehole
breakouts and drilling-induced tensile fractures. These analyses confirm the expected north northwest e
south southeast orientation of maximum horizontal in-situ stress identified from previous studies (e.g.
Evans and Brereton, 1990). The dual-caliper data generated by Evans and Brereton (1990) yields a mean
SHmax orientation of 149.87 with a circular standard deviation of 66.9. However the use of borehole
imaging without incorporation of results from older dual-caliper logging tools very significantly de-
creases the associated uncertainty with a mean SHmax orientation of 150.9 with a circular standard
deviation of 13.1.
The use of high-resolution borehole imaging is thus shown to produce a more reliable assessment of
in-situ stress orientation. The authors therefore recommend that the higher resolution of such imaging
tools should therefore be treated as a de-facto standard for assessment of in-situ stress orientation prior
to rock testing. Use of borehole imaging should be formally instituted into best practice or future reg-
ulations for assessment of in-situ stress orientation prior to any hydraulic fracturing operations in the UK.
© 2016 The British Geological Survey, NERC. Published by Elsevier Ltd. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
1.1. In-situ stress and unconventional hydrocarbons reservoirs
The first exploration well of a prospective shale-gas reservoir in
the United Kingdom (UK) was drilled at Preese Hall (Lancashire) in
2010 to test the productivity of the Carboniferous Bowland Shale
Formation (Andrews, 2013; Smith et al., 2010). Induced seismicity
was experienced following hydraulic fracturing, culminating in a
magnitude 2.3 ML earthquake (Green et al., 2012). Following this
event, the UK government imposed a temporary suspension of the
use of hydraulic fracturing whilst a review of safety and best. Published by Elsevier Ltd. This is apractice was undertaken. Simultaneously, the Royal Society and
Royal Academy of Engineering (Bickle et al., 2012) undertook a
study of the state of knowledge around economic development of
shale gas in the UK. A key conclusion of this review was that “the
British Geological Survey should implement national surveys to
characterise in-situ stresses and to identify faults affecting pro-
spective UK shale plays”. This statement recognised the poor state
of knowledge of the in-situ stress in the UK, and identified the
requirement for the review of data from which detailed informa-
tion may be derived. The research reported in this paper is a direct
response to that recommendation and is intended to establish best
practice for future acquisition of data to fully understand in-situ
stress orientations in the UK.
Understanding of the in-situ stress field is essential for suc-
cessful and safe production of remaining UK hydrocarbon re-
sources, particularly to the development of unconventionaln open access article under the CC BY license (http://creativecommons.org/licenses/
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in-situ stress orientation is important for understanding borehole
stability, fluid flow in naturally-fractured reservoirs, and hydraulic
fracture stimulation (Fuchs andMüller, 2001). Shale gas production
typically involves hydraulic fracturing in deviated wells to increase
the volume of produced gas (Bickle et al., 2012). The growth in gas
and oil production from shale rocks that has taken place in the
United States in the 21st century, has been a direct consequence of
utilising hydraulic fracturing in deviated or horizontal wells. This
creates a complex conductive fracture network allowing for an
improvement in the well performance.
Shale gas production has potentiallymuch greater impact on the
population of the UK than in the US. Many of the major shale gas
basins in the US are in sparsely populated areas. For example the
Bakken Shale has predominantly been developed in North Dakota
which has a population of 739,482 in 2014 with a population
density of just 3.83 people/km2 (U.S. Census Bureau, 2014). In
contrast the much smaller area of northern and central England
which overlies the potentially prospective Bowland Shale Forma-
tion includes several of England's largest cities with a total popu-
lation of more than 14.6 million people, a population density of
502.7 people per km2, over 100 times greater (Cartwright, 2015;
Office for National Statistics, 2011). Any attempt to develop these
resources in the UK therefore has the potential to affect a far greater
number of people. Thus, improved understanding of the in-situ
stress orientation in these parts of the UK is essential if shale gas
exploitation is even to be considered, and should form any part of
future regulations.
1.2. In-situ stress orientation
A critical factor in hydraulic fracturing operations is the orien-
tation of the in-situ principal stresses. Hydraulic fracturing will
propagate along the path of least resistance and create width in a
direction that requires the least force. Therefore, hydraulic tensile
fractures propagate parallel to the maximum horizontal stress
(SHmax) in the vertical plane (Brudy and Zoback, 1999). Conse-
quently, in order to maximise recovery with minimal energy input
it is necessary to drill horizontal wells parallel to the minimum
horizontal stress (Shmin) direction. As a result hydraulic tensile
fractures will propagate parallel to the maximum horizontal stress
(SHmax) in the vertical plane (Brudy and Zoback, 1999). Under-
standing the orientation of the in-situ stress is therefore imperative
prior to drilling in order to ensure that wells are deviated favorably
with respect to the in-situ stress.
Previous work relating to UK in-situ stress orientation (Evans
and Brereton, 1990) has been critically assessed as part of this
study. This older study was undertaken using dual-caliper (also
known as four arm caliper) logs analysed for the presence of
borehole breakouts and will be shown to be inadequate for current
needs. This paper therefore includes the first published account of
the use of borehole image logs to characterise the orientation of
SHmax onshore in the UK, across northern and central England,
where borehole image logs are now available.
Fig. 1 shows the distribution of borehole imaging data across the
UK, which by fortunate coincidence corresponds very closely to the
area of the UK that is sub-cropped by the potentially economic
BowlandeHodder Shale. This also shows the dual-caliper data
distribution across the UK.
1.3. Identifying stress field indicators
Bell and Gough (1979) noted that stress concentrations around
vertical boreholes can cause caving, also known as a borehole
breakout. Plumb and Hickman (1985) were able to show that theorientation of the elongations, or breakouts which result in a
compressive failure of the well take place in the orientation of
Shmin, orthogonal to SHmax in vertical boreholes. For a more detailed
description of breakout formation see Zoback et al. (1985). There
are several wireline tools which can be used to identify borehole
breakout which are discussed below.
1.3.1. Dual caliper logging
Dual-caliper logging, usually undertaken in conjunction with
dipmeter tools typically measure four points on the borehole
circumference with a vertical resolution of between 25 and
154 mm. Guidelines for breakout identification from caliper logs is
detailed in Reinecker et al. (2003). The tool rotates as it is pulled up
thewall however when it encounters a zone of borehole elongation
the rotation will cease. The tool locks into an elongation zone
which, with the aid of the other tool outputs, can be interpreted as a
breakout (Reinecker et al., 2003).
1.3.2. Borehole imaging tools
Borehole imaging tools provide high resolution borehole images
based on (generally) either ultrasonic velocity or resistivity. These
tools and their origins are described in Paillet et al. (1990) and
Prensky (1999). Borehole imaging tools provide wall coverage of
between 20% and 95%, depending on the tool specification and
borehole diameter. Table 1 describes the specific tool types used in
this study and the details of their resolution (Ekstrom et al., 1987;
Gaillot et al., 2007).
Tingay et al. (2008) investigated analysing borehole breakouts
using image logging. They characterised borehole breakouts from
resistivity image logs as parallel poorly resolved conductive zones
that appear 180 apart on opposite sides of the borehole wall.
However, the resolution of borehole breakouts is dependent on the
width of the pad compared to the width of the breakout (Tingay
et al., 2008). In a limited number of cases, resistivity images are
accompanied by ultrasonic borehole images (e.g. Schlumberger's
UBI™ tool) which circumferentially record both the amplitude and
travel time of the returning wave form. These tools have lower
vertical and angular resolution than the resistivity tools.
However, the travel timewaveform (TTWF) images fromacoustic
logs are useful as they are more sensitive to changes in the borehole
radius. In TTWF images breakouts appear as broad zones of
increased borehole radius observed at 180 from one another
(Tingay et al., 2008). Fig. 2 shows an example of resistivity (FMI)
imageandanacoustic (UBI) travel time image fromtheSellafield13A
in Cumbria, highlighting the differences between theway these two
types of tool show borehole breakout. In the absence of acoustic
images, breakouts are therefore identified by darker (less conduc-
tive) patches on opposite sides of borehole images and a simulta-
neous disturbance to the spacing between the imaging pads.
1.4. Drilling induced tensile fractures
Whilst most fractures identifiable in boreholes are formed
naturally, drilling induced tensile fractures (DIF's) result from ten-
sile failure directly induced by the drilling process. These fractures
form parallel to the orientation of the greatest far field horizontal
stress (SHMAX) (Moos and Zoback, 1990). These features occur when
the sum circumferential stress concentration and the tensile
strength are exceeded by the pressure in the well (Moos and
Zoback, 1990). As DIF's have widths of only a few mm they can
only be identified from high-resolution borehole image logs as they
are not associated with any borehole enlargement (Tingay et al.,
2008). They are generally narrow well defined features which are
slightly inclined or sub-parallel to the borehole axis and form
perpendicular to breakout orientation (Tingay et al., 2008). Fig. 3
Fig. 1. Onshore map of distribution of wells logged with borehole imaging data by category across the UK compared with distribution of dual-caliper logs. Hatched zone is the area
of interest for the BGS/DECC BowlandeHodder Shale study area from Andrews (2013), solid fill shows the potentially prospective areas of the Bowland Shale Formation.
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breakouts and tensile fractures.
2. Review of previous work
2.1. Borehole breakout studies
Systematic mapping of the SHmax orientation for UK onshore
using downhole logs was principally conducted between 1989 and1992 by the British Geological Survey (BGS) (Evans and Brereton,
1990). The work focused on the use of borehole breakouts to
characterise the in-situ stress orientations using the eccentricity of
dual-caliper log measurements to locate breakout intervals. At-
tempts to utilise resistivity eccentricity as a technique for identi-
fying incipient breakouts (those that had not had time to form
between the completion of drilling and subsequent logging oper-
ations), was ultimately unsuccessful and did not produce suffi-
ciently reliable results to support their publication (Reeves, 2002).
Table 1
List of borehole imaging tools from which BGS holds digital data, details of tool specification, horizontal resolution and wall coverage.
Category Company Tool type Tool names Specifications Approx. Vertical resolution Approx. Coverage (8.500 well)
1 Schlumberger Resistivity & Acoustic FMI & UBI Tools run in combination 2.5 mm 100%
2 Schlumberger Resistivity FMI 192 button electrodes (24 per pad/flap 4) 2.5 mm 80%
2 Schlumberger Acoustic UBI/BHTV/ATS Rotating Sensor 5 mm 100%
2 Weatherford Resistivity CMI 176 button electrodes (20/24 per pad 8) 2.5 mm 80%
2 Baker Hughes Resistivity STAR 144 button electrodes (12  6 pads) 5 mm 80%
3 Schlumberger Resistivity 4-Pad FMS 64 button electrodes (16  4 pads) 2.5 mm 40%
4 Schlumberger Resistivity 2-Pad FMS 58 button electrodes (29  2 pads) 2.5 mm 20%
5 Multiple Dipmeter Dual-Caliper 4 button electrodes (1  4 pads) 40 mm >5%
Fig. 2. Comparison of methods of visualising a 4 m long borehole breakout from St Bees Shale Formation, from borehole Sellafield 13A in Cumbria (10 m vertical borehole section).
Left-hand panel: conventional logs including perpendicular dual-caliper and gamma-ray. Centre panel: Unwrapped circumferential resistivity borehole imaging (FMI) (clockwise
from north) with breakout highlighted by the green boxes. Right panel: Unwrapped circumferential acoustic borehole amplitude imaging (UBI) (clockwise from north) with
breakout highlighted by green boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the geothermal resources of the UK (Evans, 1987) and as part of
preparatory studies for the creation of radioactive waste re-
positories (Brereton, 1991) to study the implications of stress
anisotropy on the engineered structures (shafts, tunnels and waste
disposal caverns) (e.g. Nirex, 1997). With the cessation of the UK
radioactive waste disposal programme in 1997, such work waslargely abandoned, and little effort has been afforded to the sys-
tematic mapping of in-situ stress orientations in the UK since,
though recently the application to the study of fluid flow through
critically stressed fractures in the repository environment was
investigated (Sathar et al., 2012; Reeves, 2002).
The quality of the assessment by Evans and Brereton (1990) was
hampered by the inadequacy of available data resources, software
Fig. 3. Comparison of resistivity images visualising Drilling Induced tensile Fractures (DIFs) from PCMMeasures in the Melbourne 1 well, Yorkshire (10 m vertical borehole section).
Left-hand panel: conventional logs including perpendicular dual-caliper and gamma-ray log. Right: Unwrapped circumferential resistivity borehole imaging (CMI) (clockwise from
north), breakouts highlighted by green boxes, DIFs terminate across coal horizon (lower gamma-ray) at 1352.4 m which shows clear breakout. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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and quantity of dual-caliper data (from dipmeter tools) available
was insufficient to deliver reliable stress orientations on thenational scale. Evans and Brereton's (1990) technical workflow of
the analysis is poorly documented and the high standard deviation
indicates either poor data quality or analysis from the dual-caliper
A. Kingdon et al. / Marine and Petroleum Geology 73 (2016) 1e206logs. Therefore, replacement of these with more reliable datasets is
required.
A broadly NWeSE orientation of SHmax is implied by the
breakout analysis of Evans and Brereton (1990). Despite the
shortcomings of the work, and the large degree of “noise” observed
due to the inclusion of poorly characterised borehole features, this
orientation is coincident with the NWeSE orientation expected in
NW Europe due to the configuration of plate boundaries and
associated tectonic ridge-push effects (Klein and Barr, 1986; G€olke
and Coblentz, 1996). Borehole breakouts observed from dual-
caliper and image logs have also been used to infer a similar and
consistent orientation of SHmax in the UK southern North Sea
(Williams et al., 2015). Some authors have used borehole breakout
data to suggest that in the central and southern North Sea, thick and
widespread Permian evaporites that have undergone significant
halokinesis, may act to decouple the in-situ stress field, resulting in
variable SHmax orientations in the shallowest sedimentary succes-
sion (Hillis and Nelson, 2005; Williams et al., 2014).
2.2. Overcoring studies
Interpretation of borehole breakouts is not the only method for
identifying SHmax. Other techniques include overcoring which is
often carried out in near horizontal holes using a sensor, based on
the original design of Leeman and Hayes (1966). Overcoring
methodsmeasure in-situ stress based on stress relief around a hole.
The relief of external forces by overcoring causes the changes in
deformation. If the elastic rock properties are known the strain can
be converted to in-situ stress in rock.
To take a measurement a pilot hole is drilled from the borehole
wall in the unit of interest, a strain gauge is then inserted and
cemented in place with resin. The gauge records a series of strain
readings. The section around the pilot hole is then cored preserving
the rock and the strain gauge. The core is then removed, the strain
gaugemeasures the relaxation of the core and this can then be used
to calculate the stresses acting on the core (Becker and Davenport,
2001). There are a considerable number of overcoring measure-
ments for the UK landmass which are detailed in; Bigby et al.
(1992); Cartwright (1997). However legacy overcoring data can be
compromised with significant problems. The resin used to seal the
strain gauge against the borehole wall can have poor adhesion and
unreliable setting properties outside of laboratory conditions
(Farmer and Kemeny, 1992). In addition to this, the overcoring
method itself can also cause expansion of the adhesive, cell and
rock due to induced heating. Furthermore, overcoring methods
need accurate laboratory measurement of elastic rock properties
such as trixial tests; if the rock is anisotropic such as coal, the stress
issued from overcoring is uncertain. The result is that these tech-
niques record a very high horizontal to vertical stress ratio which is
exacerbated at shallow depths. For these reasons, the lack of recent
studies, the shallow depths investigated and also the lack of critical
review of the measurements the authors have chosen not to
include this data in this work.
2.3. Focal mechanism studies
Analyses of principal horizontal stress orientations from across
the globe have extensively used earthquake focal plane mecha-
nisms. These are produced from the analysis of earthquakes, from
which the fault plane solutions provide information on the crustal
stresses. Baptie (2010) has undertaken such an analysis for the UK
landmass, and suggests that strike-slip stress conditions with
NWeSE compression predominate over much of the UK, while
reverse faulting stress conditions with NEeSW compression
dominate in Scotland to the north of the Midland Valley. Suchearthquakes typically occur at depths greater than 3 km and often
much deeper. Therefore in tectonically quiescent areas of the Earth
such as the UK these may be of more limited relevance to under-
standing the in-situ stress orientations in the shallower geological
succession.
2.4. World stress map
The World Stress Map (WSM) (Zoback et al., 1989; Heidbach
et al., 2004, 2008) was initiated to produce 1:1 million
continental-scale stress maps to provide information on the pre-
sent day crustal stress field. In order to accomplish this, the WSM
produced guidelines which have become de-facto standards for the
identification of breakouts from dual-caliper logs (Reinecker et al.,
2003) and borehole image logs (Tingey et al., 2008). Borehole
breakouts comprise approximately 19% of the data in the WSM
database, and are used alongside other data such as focal plane
mechanisms to map the distribution of the global stress field
(Tingay et al., 2008). The method for characterising borehole
breakouts employed by the WSM concerns the identification of
specific breakout intervals defined by a series of guidelines
designed to minimise ambiguity. The WSM quality ranking scheme
then enables collation with other datasets such as earthquake focal
mechanisms to investigate basement stress orientations (Sperner
et al., 2003), for example research on deep research boreholes
such as Germany's KTB borehole (Emmermann and Lauterjung,
1997).
Once a well has been analysed for stress field indicators using
the WSM guidelines it is then assigned a quality ranking (Heidbach
et al., 2010). Table 2 presents the quality ranking scheme for
borehole breakouts identified on image logs (Heidbach et al., 2010).
Table 3 shows the equivalent quality ranking criteria for DIF's. The
quality ranking system is valuable when collating crustal scale
stress information (e.g. Heidbach et al., 2010).
2.5. Current UK stress orientation data
The most recent release of the WSM database (Heidbach et al.,
2008) provides 53 SHmax orientations for the UK. Ten of these ori-
entations are derived from borehole breakouts using variable input
data from Nirex (1997) and Klein and Barr (1986). Measurements
detailed in the most recent discussion of the WSM release
(Heidbach et al., 2010) from across NW Europe generally support a
NWeSE orientation of SHmax. The analysis of Evans and Brereton
(1990) was not included in the WSM because of differences in
methodology breakout identification. Evans and Brereton (1990)
relied on a generalised view of the borehole data, rather than the
identification of discrete breakout intervals.
Data currently available therefore includes a small number of
published breakouts combined with a range of other stress in-
dicators. These are insufficient for the decision making necessary
for planning unconventional hydrocarbon reserves. Therefore there
is a need for revision of the available UK datasets.
3. Methodology
3.1. Subsurface database
Previous work on the in-situ stress orientation of the UK was
hampered by a paucity of data of sufficient quality to undertake a
robust analysis. Since 1990, changes to BGS's role in managing
geoscience data has meant that the quantity and quality of sub-
surface data now accessible far exceeds that which was available to
Evans and Brereton (1990). Data are now available for almost all
deep boreholes drilled to sample the subsurface and are archived
Table 2
Quality ranking scheme for borehole breakouts in a single well interpreted from image logs (Heidbach et al., 2010). S.D. denotes circular deviation after Mardia (1972).
A e quality B e quality C e quality D e quality E  quality
10 distinct breakout zones and
combined length100m in a single
well with S.D.  12
6 distinct breakout zones and
combined length of 40 m in a single
well with S.D.  20
4 distinct breakout zones and
combined length 20 m in a single
well with S.D.  25
<4 distinct breakout zones or
<20 m combined length with
S.D.  40
Wells without
reliable breakouts or
with S.D. > 40
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carbons exploration wells, the archives of both the UK Coal Au-
thority and radioactive waste disposal program plus geothermal
energy resources. Many of these datasets include petrophysical
data, whilst some incorporate high-quality borehole imaging.
BGS has access to an extensive high quality petrophysical
dataset with considerable borehole imaging, facilitating high res-
olution studies of in-situ stress orientation. Significant efforts have
been expended to improve the data management of petrophysical
log data in digital databases in the UK, including:
 Review and correction of metadata to ensure that all are prop-
erly located and orientated.
 Addition of borehole construction metadata, to include casing
intervals and downhole bit size, allowing for accurate section-
by-section review of borehole data.
 Where possible, inclinometry surveys from borehole image logs
have been reloaded from original media tomaximise availability
and auditability.
 Review of all available data to ensure that any previously un-
identified image logs are included and processed. Significant
numbers of UK Coal Authority 2- and 4-pad FMS (Formation
MicroScanner, please see Table 1) data were poorly archived but
have now been re-read from magnetic media.
 Loading of the complete available digital archive of both the UK
radioactive waste disposal programme of the 1990s and also the
UK oil and gas industry which includes outputs from a variety of
borehole imaging tools from the late 1980s up to recent data
releases.
The current available image log database therefore constitutes
the complete available (released) dataset of this type for the UK
onshore area. While dual-caliper data are widely available (around
300 boreholes) covering more of the UK landmass it was of highly
variable quality. Review of the geophysical log archive identified
borehole imaging data for 85 boreholes concentrated in specific
areas of the UK. Much of the data is concentrated in the area around
the Pennines in central and northern England. These were largely
deployed to image Carboniferous Pennine Coal Measures Group
(PCM) for coal reserve appraisal or to investigate small oil and gas
fields with Carboniferous source rocks.3.2. Choice of borehole imaging over dual caliper data
The primary driver for this re-interpretation of the UK in-situ
stress orientation has been the possible development ofTable 3
Quality ranking scheme for drilling induced fractures from image logs (Heidback et al., 2
A e quality B e quality C e quality
10 distinct DIF zones and
combined length
100 m in a single well with
s.d.  12
6 distinct DIF zones and
combined length
40 m in a single well with
s.d.  20
4 distinct DIF zones an
combined length
20 m in a single well w
s.d.  40unconventional gas reservoirs. Most of the data available for
identifying stress field indicators (borehole imaging and dual
caliper measurements) were collected for onshore energy explo-
ration. Therefore these are concentrated on the economic strata of
the UK. The area of greatest relevance is the prospective area of the
Bowland Shale Formation, which for stratigraphic reasons largely
coincides with the area from which the majority of wells with
borehole imaging are located in the UK. Therefore this study con-
centrates only on breakouts interpreted from borehole imaging.
Given the distribution of the available data, the decision not to
include other stress field indicators (such as breakouts identified
from dual-caliper logged wells) has in practice not reduced the
spatial or stratigraphic coverage, other than the omission of a small
number of wells in Southern England (Fig. 1). The suitability of
dual-caliper logs to identify breakouts in UK stress conditions are
discussed in section 5.2 below.3.3. Quality control of borehole imaging
Borehole imaging logs enable individual borehole breakouts to
be identified down to a size of less than 10 cm vertically. As a result,
borehole imaging greatly increases the amount of data available for
breakout identification when compared with other techniques for
identifying breakouts (eg dual caliper logs) as well as providing
information on the physical properties of the borehole wall
Therefore this study concentrates on breakouts that are uniquely
identified from borehole imaging, with confirmatory information
provided by DIFs.
Application of borehole imaging tools to the study of boreholes
breakouts has been undertaken by the WSM (Tingay et al., 2008).
However, many previous studies have utilised image-derived
breakouts but assessed these against standard WSM conventions,
for example Tingay et al. (2010). Comparison of breakout data
derived from interpretation of image logs is dependent upon the
consistency of the different imaging tools in use. The imaging data
for the UK landmass has been acquired using a number of different
imaging tools and historical variants. While low stress anisotropy
will not likely producemetre-scale breakouts, it is the contention of
these authors that given the high resolution of the borehole image
logs, breakouts at sub-metre scale can yield reliable stress orien-
tations when the incidents of breakout themselves are unambig-
uously observed from the borehole images.
The borehole imaging surveys incorporated into this dataset are
of highly variable quality both in terms of the specific tools used but
also the quality of the images acquired. The quality of processed
images is controlled by multiple factors, discussed in depth by010).
D e quality E  quality
d
ith
<4 distinct DIF zones or <20 m combined
length with s.d.  40
Wells without reliable DIFs or
with s.d. > 40
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there is a highly heterogeneous quality to the available image log
outputs and clarifying the exact model and specification of imaging
tools is essential in evaluating the value that can be extracted from
them. Since thework detailed in Evans and Brereton (1990), the use
of borehole imaging tools has markedly increased, meaning an
improved dataset is now available to aid in the interpretation of
stress orientation.
The borehole imaging data held digitally by BGS reflects the
development of imaging tools onshore in the UK over the past 30
years. From theuseof the2-padFMStool by theCoalAuthority in the
late 1980s tomeasure the vertical thickness of coal seams, to the FMI
and CMI tools used today by the Oil and Gas industry. Table 1 gives a
list of the imaging tools fromwhich digital data are derived.
A specific aim of this study is to reduce the uncertainty in the
SHmax orientation seen in previous work (Section 2.5) therefore
clarity is required on the associated uncertainty of borehole im-
aging. Due to the diverse nature of data that is held, any features
identified from image logs must be dealt with on a case by case
basis. The data in the BGS archive mostly comprises resistivity
imaging logs with acoustic logs available from only a small number
of boreholes. Given that there is no consistent set of tools run for
each well, five categories have been proposed which describe the
borehole imaging data collected from each well and reflect the
suitability of these tools to be used in breakout analysis. These
categories are presented in Table 1.
Category 1 (e.g. Fig. 2) denotes micro resistivity tools with
borehole wall coverage of 70% (in a borehole with an 8.5 inch
diameter) and also an acoustic image with 100% coverage across
360. Category 2 (e.g. Fig. 4) are micro resistivity tools with
borehole wall coverage of 70% only. Category 3 (e.g. Fig. 5) are
either a 4-pad micro-resistivity tool (which typically covers
25e40% of the borehole wall in an 8.5 inch hole) which has been
run in conjunction with either an acoustic tool or a dual-caliper
tool. Category 4 are 2-pad micro-resistivity tool in association
with dual-caliper analysis from dipmeter tools. Category 5 only
have dual-caliper analysis from dipmeter tool. Therefore the
borehole breakouts identified from the Category 1 tools have
higher certainty of orientation and a better chance of being
imaged than those identified from Category 4 tools. Category 3
tools often identify breakouts but may not image the full width of
the feature (Fig. 5) which Category 1 and 2 tools will accurately
delineate, thereby increasing orientation certainty. This also allows
shorter breakouts to be identified because the full outline of the
feature is visible. In contrast, category 3 and 4 wells seldom cap-
ture the full breakout width thereby increasing uncertainty of
orientation. Drilling Induced Tensile Fractures are much more
likely to be identified on higher coverage tools (1 and 2) given
their narrow width.
3.4. Interpretation of borehole images to identify breakouts
Identification of breakout features on borehole images is not a
straightforward process because of the low wall coverage of many
tools. With the exception of tools with both resistivity imaging and
high quality acoustic imaging, most boreholes in the UK are reliant
on resistivity images, and in most cases, where tools have less than
75% wall coverage. There is a high likelihood that the borehole
image logs will fail to image the complete width of breakoutFig. 4. Section of resistivity images visualising 3 distinct borehole breakouts from PCM from
logs including perpendicular dual-caliper and gamma-ray log. Right panel: Unwrapped circ
highlighted by green boxes. The breakouts on the borehole imaging are clear and distinct b
colour in this figure legend, the reader is referred to the web version of this article.)features. Therefore identifying breakouts using such images is not a
uniquely repeatable activity, but is to some degree subjective.
As can be seen in Fig. 2 the resistivity image clearly identifies the
breakout but underestimates its width when compared with the
true width shown on the travel time waveform image. Unfortu-
nately high quality travel time imaging is rare in the UK. Fig. 4
shows a breakout from the Swinefleet 1 well in Yorkshire, identi-
fied using a static and dynamic resistivity image.
The methodology employed in this study involved the manual
review and interpretation of all available borehole images in reg-
ular depthwindows along the full length of each logged interval. All
identified breakouts were subsequently reviewed by a separate
interpreter, resulting in some breakouts being discarded. From the
85 boreholes from which data were available a number were
eliminated for deviation of over 10 from vertical or because no
breakouts were visible at the resolution given. Some 252 individual
breakouts were identified in 36wells across the UK. All boreholes in
which breakouts were identified are within the northern and
central England. Fig. 1 shows the spatial distribution of the 36 wells
comprising the imaged borehole breakout dataset.
A major complexity in interpreting features of this scale is in
ensuring that observed features are genuinely breakouts and not
simply discrete zones of borehole wall damage unrelated to the in-
situ stress regime. Therefore a variety of testing is required in order
to ensure that the features are continuous. This has been achieved by
carefully checking the vertical continuity of the breakout features.
Unless breakout features are so distinctive in the way that they
are presented (Figs. 2e5), that they cannot be reasonably described
as having any other cause then they should be identifiable over
distinct vertical intervals, even if they are distributed discontinu-
ously. Therefore even if intervals were very short then they were
eligible for inclusion provided that there was clear evidence for
other breakouts shown on that trend, even though some features
may not be fully formed (that is they are seen as disturbances of the
borehole wall at a constant orientation, but do not necessarily have
clearly defined vertical limits).
Both Figs. 2 and 6 show zones of increased conductivity at 180
to each other conforming to the guidelines presented in Tingay
et al. (2008). The increased resolution provided by image logging
also allows for greater investigation of washout zones as seen in
Fig. 7. Do you mean quality ranking here or your category ranking?
This shows that washed-out units are not necessarily the upper and
lower boundaries of borehole breakouts but may simply represent
weaker units which have broken out and subsequently washed out
during the drilling process.
Following observations from 12 wells with a borehole imaging
category of 1 or 2, a minimum breakout length of 20 cm was set;
20 cm exceeds the standard logging interval (15 cm) so that
geophysical log derived properties for these intervals could
potentially be calculated to differentiate the physical properties of
the breakout interval from the host rock.
For all breakouts the maximum hole deviation was set at 10
from vertical, a stipulation derived from work by Tingay et al.
(2008). This project methodology is based on work by Mastin
(1988) and is valid only when SHmax is not equal to Shmin (This re-
lates to normal and thrust faulting regimes). In normal and thrust
faulting regimes if SHmax is approximately equal to Shmin then there
may be significant changes in breakout orientation in wells that are
deviated by less than 10 (Mastin, 1988). The maximum deviation isSwinefleet 1, Yorkshire (5 m vertical borehole section). Left-hand panel: conventional
umferential resistivity borehole imaging (CMI) (clockwise from north) with breakouts
ut these are not detected by the caliper tools. (For interpretation of the references to
Fig. 5. Section of Category 3 resistivity images visualising a 0.8 m long borehole breakout from PCM, East Lodge borehole, Yorkshire (4 m vertical borehole section). Left-hand panel:
conventional logs including perpendicular dual-caliper and gamma-ray log. Right: Unwrapped circumferential resistivity borehole imaging (FMS) (clockwise from north) with
breakout highlighted by green boxes. Image highlights that this breakout would not satisfy a strict application of the WSM guidelines for breakout identification using caliper logs
(Reinecker et al., 2003). The tool continues to rotate across the breakout interval, which is not marked by caliper enlargement. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
A. Kingdon et al. / Marine and Petroleum Geology 73 (2016) 1e2010
A. Kingdon et al. / Marine and Petroleum Geology 73 (2016) 1e20 11intended specifically to prevent the characterisation of key seats as
breakouts (Reinecker et al., 2003). Keyseats are features where
damage occurs to the high side only of a deviated borehole. They
are caused by direct wear from the drillstring on the borehole wall,
this differentiates them from breakouts which show damage on
opposite sides of the boreholes.Fig. 6. Comparison of resistivity images visualising a 1.5 m long borehole breakout from P
ventional logs including perpendicular dual-caliper and gamma-ray log. Right: Unwrapped
breakout highlighted by green boxes. Image highlights that dual-caliper logs underestimate
of the references to colour in this figure legend, the reader is referred to the web version o4. Results
4.1. Overall in-situ stress orientations
Fig. 8 shows the comparison of the newly interpreted image log
data (left panel) compared with the total spread of data (rightCM in Swinefleet 1, Yorkshire (4 m vertical borehole section). Left-hand panel: con-
circumferential resistivity borehole imaging (CMI) (clockwise from north) with 1.27 m
breakout size, length and complexity when compared with imaging. (For interpretation
f this article.)
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from dual-caliper tools. For all of the maps (Figs. 9e12) SHmax ori-
entations are plotted (breakout orientations ± 90). The length of
the petals on the rose diagrams are proportional to the number of
observations per well.
Very clearly the dual caliper analyses have a completely
circumferential scatter, on which a slight northwest-southeast
trend is visible producing an SHmax direction of 149.87 with cir-
cular standard deviation of 66.9 calculated according to Mardia
(1972). These vary markedly from the figures reported in Evans
and Brereton (1990). This may indicate that the data that were
reported were preferentially chosen to highlight the dominant
orientation. The value quoted above is therefore calculated from the
underpinning raw data files.
In significant contrast, the newly calculated data set has an
SHmax orientation of 150.9 and circular standard deviation of 13.1.
This datasets shows a very clear trend with very limited associated
scatter but contains all of the identified breakouts within the data
interpreted within this study. Therefore the primary output of this
study is the recognition that the exclusive use of borehole imaging
tools has significantly reduced the uncertainty in the orientation of
SHmax. Plainly, the interpretation of the borehole imaging tools
produces a markedly more precise orientation of SHmax with
reduced scatter. A metadata table for the list of wells presented in
this paper is available in appendix A.4.2. Area specific data analyses
An important aim of this study was to establish if the in-situ
stress orientation observed on a national scale was markedly
different than that observed on a regional basis. Therefore to un-
derstand the variability of SHmax at regional scales a number of
discrete locations where examined. Each of these areas has a sig-
nificant number of wells with borehole imaging.
Borehole breakouts were interpreted giving SHmax orientations.4.2.1. Sellafield area stress analyses
The Sellafield investigation for siting a radioactive waste re-
pository of the early 1990's included 26 resistivity and acoustically
imaged boreholes. It should be noted that these were carefully
drilled and extensively or completely cored, with drilling rates
significantly lower than would be expected for equivalent depth
hydrocarbon wells. Analysis of the caliper and borehole imaging
logs shows that the walls of these boreholes are atypically smooth.
The degree of micro-fracturing around the borehole circumference
is therefore decreased which in turn minimises the propensity of
the borehole wall to fail, making breakout formation less likely.
Nonetheless these wells are important because these are the only
example of a number of wells in a discrete area which have been
separately analysed using the current methodology and were also
analysed by Evans and Brereton. However it should be noted that
the results for Sellafield were not reported in the 1990 paper due to
the date of drilling and confidentiality issues.
Fig. 9 shows the in-situ stress orientation calculated for the
Sellafield area boreholes using the Evans and Brereton (1990)
methodology, as currently displayed on the BGS Rock Stress web-
page (BGS, 2015) compared with the orientations interpreted by
the authors. The Evans and Brereton (1990) work yields twoFig. 7. Comparison of resistivity images visualising borehole breakouts from PCM in the Swi
logs including perpendicular dual-caliper and gamma-ray log. Right: Unwrapped circumfere
by green boxes. This figure shows breakouts can be identified around washouts e.g. 180 the p
no caliper response. (For interpretation of the references to colour in this figure legend, thdominant mean orientations of SHmax, NEeSW and roughly EeW.
Borehole Sellafield 8A, the most northeeastern borehole shows a
near circular stress “orientation”.
All of the wells previously interpreted by Evans and Brereton
were re-interpreted using the borehole imaging techniques
detailed in this paper. Given the stricter methodology applied to
breakout identification, unambiguous breakouts were identified in
6 of these wells, therefore other wells have been omitted. This
shows a very clear NWeSE SHmax orientation across all but one of
the wells. The Mean SHmax orientation is 154.5 with a circular
standard deviation of 18.5 (Fig. 9). The single exception is RCF3.
Despite RCF3 being a category 1 well, only a single breakout was
identified and this may not be representative of the mean SHmax
orientation along the length of the well. Data from RCF3 may
suggest a localised rotation of the stress field caused by faulting
identified in Nirex (1997).4.2.2. Yorkshire and Midlands stress analyses
Figs. 10e12 show three regional stress maps showing SHmax
orientations calculated from borehole imaging logs in Yorkshire
(Fig. 10), West Staffordshire (Fig. 11) and the area around Lichfield
(Fig. 12) respectively. These collectively account for in-situ stress
orientation for some 22 of the total of 36 wells presented in this
work with 172 of the 252 breakout observations shown. In almost
all cases there is a clear NWeSE SHmax orientation which replicates
that also visible in the data presented in Fig. 8.
Fig. 10 shows the rose diagrams of in-situ stress orientations
fromwells in Yorkshire. This map includes a number of recent (post
2005) image logged wells using the high-resolution Weatherford
CMI logging tool. These wells have an average SHmax orientation of
147.5 and a circular standard deviation of 7.4.
Fig. 11 shows a rose diagram of in-situ stress orientation of
boreholes drilled in the West Staffordshire coalfield, to the west of
Stoke-on-Trent derived from late 1980e90s vintage logging data.
Fig.12 showa rose diagram of in-situ stress orientation of boreholes
drilled in the Warwickshire Coals field in the vicinity of Lichfield,
again using late 1980e90s vintage logging data. The West Staf-
fordshire wells show a mean SHmax orientation of 156.7 with a
circular standard deviation of 10.7 and the Lichfield wells show a
mean SHmax orientation of 158.8 with a circular standard deviation
of 8.4.
These wells were logged using both conventional 4-pad
Schlumberger FMS (category 3) tools but also prototype 2-pad
(category 4) tools. Given the low borehole wall coverage (typi-
cally >30%) of even 4-pad tool, identification of breakouts limited to
highlighting zones of vertical disturbance with width assigned
across these pads Therefore the actual breakoutwidth is impossible
to define; given that the pads will in all likelihood “lock-in” to the
breakout orientation there is little likelihood that the full width of
the breakout will be exposed across this interval. This is even more
the case in the limited number of breakouts recorded from 2- pad
FMS (category 4), these can only be used if confirmatory evidence is
available such as breakouts interpreted in similar orientation from
nearby wells. Therefore the very high degree of coincidence of the
breakouts included in these two areas is to some extent an artefact
of the logging tools used rather than completely a consequence of
the natural variability of the breakout orientation (see Table 4).nefleet 1 well, Yorkshire (5 m vertical borehole section). Left-hand panel: conventional
ntial resistivity borehole imaging (CMI) (clockwise from north), breakouts highlighted
ale conductive zone (756.0e756.6 m) shown between darker “washed-out” zones with
e reader is referred to the web version of this article.)
Fig. 8. Total SHmax orientation from borehole breakouts from two different study
methods. Left panel: Summary Rose Diagram highlighting SHmax orientations from
borehole breakout analysis derived from dual caliper tools only (Evans and Brereton,
1990) mean orientation 149.87 with a circular standard deviation of 66.9 . Right
panel: Summary Rose Diagram highlighting SHmax orientations from borehole breakout
analysis from this study derived from borehole imaging tools only, mean orientation
150.9 with circular standard deviation of 13.1.
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unconventional hydrocarbons
5.1. UK stress orientations
The results from the image log analysis of borehole breakouts
(Table 4) presented in this paper clearly showsanSHmaxorientationof
NWeSE. This orientation is supported by earthquake focal planeFig. 9. Rose diagrams comparing stress field orientations from this study with Evans and
eccentricity calculated by Evans and Brereton (1990) using dual-caliper eccentricity analysi
using borehole imaging tools in the Sellafield area of the UK, showing a mean SHmax orientmechanisms (Baptie, 2010) and the DIF dataset (Table 5). The results
show no indication of regional or lithological changes suggested by
Evans and Brereton (1990). However as shown in Fig. 1 the borehole
imagingdataset presented is limited spatially but also stratigraphically.5.2. Comparison of borehole imaging and dual-caliper data for
identifying breakouts
Caliper logs are widely used for identifying breakouts in many
locations globally, for example Reinecker et al., 2010; Reiter et al.,
2014. Analysis was undertaken to assess the suitability of dual-
caliper logs to identify borehole breakouts under UK stress
conditions.
Four wells logged by borehole imaging were re-analysed using
solely dual-caliper log data to determine whether these had suffi-
ciently high resolution to accurately identify breakouts in UK stress
conditions. These wells account for some 93 of the 252 breakouts
presented in this paper.
These caliper logs were assessed against the WSM guidelines
from Reinecker et al. (2003). These guidelines state that features
can be classified as a possible breakout where one caliper closely
matches bit size and the other diameter exceeds this by 10% e.g. in
an 8.5 inch borehole, one diameter must exceed 9.35 inches to be
breakout. These features must also be greater than 1 m in length.
Almost all of the apparent breakouts identified from borehole im-
aging failed to be classified as caliper breakouts because they did
not meet one or both of these guidelines. Fig. 13 shows four
breakouts clearly visible on the borehole imaging. Whilst the
caliper log apparently tracks these breakouts, two did not satisfyBrereton (1990). Grey Rose diagrams show SHmax orientations identified from caliper
s. Black Rose diagrams showing SHmax orientations from borehole breakouts identified
ation of 154.5 with a circular standard deviation of 18.5 .
Fig. 10. Map highlighting orientations of SHmax derived from breakouts observed on borehole image logs for Yorkshire, showing a mean SHmax orientation of 147.5 with a circular
standard deviation of 7.4 .
Fig. 11. Map highlighting orientations of SHmax derived from breakouts observed on borehole image logs for West Staffordshire, showing a mean SHmax orientation of 156.7 with a
circular standard deviation of 10.7.
A. Kingdon et al. / Marine and Petroleum Geology 73 (2016) 1e20 15
Fig. 12. Map highlighting orientations of SHmax derived from breakouts observed on borehole image logs for Lichfield area, showing a mean SHmax orientation of 158.8 with a
circular standard deviation of 8.4 .
Table 4
Summary statistics for all breakouts identified using the borehole imaging technique. S.D. is the standard deviation calculated using the circular statistics of Mardia (1972).
Category Number of breakouts Mean angle (deg) Variance (deg) Circular S.D. (deg) Orientation of SHmax
1 45 66.83 9.2 16.95 156.83 336.83
2 84 55.94 1.89 7.42 145.94 325.94
3 110 63.58 6.76 14.35 153.58 333.58
4 3 54.92 0.93 5.17 144.92 324.92
Summary 252 60.91 5.66 13.07 150.91 330.91
Table 5
Summary statistics for all DIF's identified using the borehole imaging technique. S.D. is the standard deviation calculated using the circular statistics of Mardia (1972).
Category Number of DIF's Mean angle (deg) Variance (deg) Circular S.D. (deg) Orientation of SHmax
1 11 142.72 22.96 29.00 142.72 332.72
2 56 150.37 4.28 11.28 150.37 330.37
3 4 63.58 6.76 14.35 153.58 333.58
Summary 71 149.92 7.52 15.20 149.92 329.92
A. Kingdon et al. / Marine and Petroleum Geology 73 (2016) 1e2016the 10% limit on increased diameter, and the remaining 2 were
shorter than 1 m or even the reduced 0.5 m cut-off length adopted
in Williams et al. (2015).
Of the 93 borehole imaging identified breakouts from these 4
wells, only 8 conformed to both guidelines; additional WSM
guidelines about tool rotation were not even considered. Had these
all been strictly applied then almost all borehole imaging identified
breakouts would have been eliminated. Therefore any large scale
analyses of dual-caliper logged wells would have be highly uncer-
tain as it would be difficult to reliably separate breakouts from
“noise”. Therefore, it was decided that interpretation of wells log-
ged only using the dual-caliper data should not be included as they
are inadequate to reliably identify breakouts under UK stress con-
ditions. Consequently they cannot be used to support robust deci-
sion making.
A first pass review of the caliper data for Southern England
showed that so few wells contained clearly distinguishable break-
outs as to make a more detailed interpretation of the available data
not worthwhile. Williams et al. (2015) did use caliper logs for
breakout identification in the Southern North Sea. However, verylittle borehole imaging was available and the wells sampled strata
that are typically 500e1000 m deeper than those onshore.
5.3. Analysis of breakouts by depth
Fig. 14 shows a compilation of all of the recorded breakouts
compiled by depth intervals binned in 500 m windows to investi-
gate whether depth of the breakouts has any significant control of
the in-situ stress orientation, the length of each sector is propor-
tional to the numbers of breakouts in that direction. The most
obvious conclusion from this is that there is little change in the
dominant SHmax orientation with depth. Distribution of the
numbers of breakout data per depth interval are summarised in
Table 6. Whilst desirable, it was impractical to differentiate stress
orientation by stratigraphy as UK borehole imaging logs are
disproportionately collected from PCM, therefore statistical
meaningful comparison with other stratigraphic units is not
possible.
Table 4 shows the summary statistics for SHmax orientations
derived from borehole breakouts calculated by well category and in
Fig. 13. Comparison of resistivity images highlighting 4 separate breakouts from PCM in the Swinefleet 1 well, Yorkshire (11 m vertical borehole section). Left-hand panel: con-
ventional logs including differential caliper and gamma-ray log. Right: Unwrapped circumferential resistivity borehole imaging (CMI) (clockwise from north), breakouts highlighted
by green boxes. Low gamma-ray silt facies separate breakout zones with higher gamma-ray/clay contents suggesting a strong degree of lithological control on breakout formation.
Caliper eccentricity only exceeds bit size by 10% in two of the four breakout sections (Y caliper reads close to bit size). The two potential breakouts (in scarlet) identified using caliper
eccentricity have a length < 50 cm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. Breakdown of breakout observations against depth from all 36 wells with
interpreted breakouts presented in this paper, grouped in 500 m intervals. This
highlights the shallow depth of borehole breakouts identified in this paper which
contrasts with many studies incorporated into the most recent WSM data release
(Heidbach et al., 2010); therefore the authors recommend that only borehole imaging
tools will be able to identify the resulting breakouts.
Table 6
Distribution of breakout observations with depth per category.
Depth (m) Number of breakouts Total
Category
1 2 3 4
0e500 13 1 45 11 70
500e1000 13 38 58 2 111
1000e1500 13 45 3 0 61
1500e2000 6 0 4 0 10
A. Kingdon et al. / Marine and Petroleum Geology 73 (2016) 1e2018total using the circular statistics of Mardia (1972). Table 5 shows the
equivalent SHmax orientations calculated from the DIF's only; a total
of 71 DIF's were identified on borehole image logs from 11 wells.5.4. Presentation of statistical data
The authors prefer to use a number weighted method to
calculate circular standard deviations from the breakout data.When analysing data from dual-caliper tools it is easy to interpret
non stress-related features as breakouts (Heidbach et al., 2010). Due
to these problems the use of length weighted circular statistics is
vital to avoid misinterpreting the stress field orientation (Sperner
et al., 2003). However the greater vertical resolution of borehole
image logging means that the number of discrete breakouts iden-
tified increases while simultaneously decreasing the overall
recorded breakout length over a given interval. Fig. 13 shows two
breakouts between 702.4 m and 705.5 mwith lengths of 1.4 m and
0.9 m respectively. A different unit can clearly be seen between
these two breakouts, most likely a different facies with a higher clay
content. A similar effect can also be seen with tensile fractures
(Fig. 3) which appear to terminate at a unit with a higher resistivity,
which itself has a clear breakout. This is suggestive of a high degree
of lithological control on breakout formation within the UK PCM. If
there is a process controlling the length of an individual breakout
then a length weighted approach may not be the most appropriate
method to calculate circular standard deviations within such strata.
This study carefully assessed borehole deformation from both
breakouts and DIF's to correctly determine the in-situ stress
orientation. However no single borehole available on the UK
landmass has all of the information necessary to calculate a stress
magnitude. Whilst breakout widths can be calculated for any well
with high resolution boreholes images (our Categories 1 and 2), no
well interpreted for this study also has the Unconfined Compressive
Strength and pore pressure data necessary to accurately calculate
stress magnitudes.
5.5. Other stress orientation identifiers
Fig. 8 shows a summary rose diagram showing all observed
breakout orientations from this study plotted as SHmax orientations.
These data collectively produce a mean SHmax orientation of
NWeSE. This is consistent with that identified by Evans and
Brereton (1990) but with significantly reduced deviation. The re-
sults show clearly that while the use of borehole image logs have
not significantly altered the current state of understanding
regarding the in-situ stress orientations in the region, the associ-
ated uncertainties inherent in the other datasets have been
significantly reduced. Use of borehole imaging logs to identify
stress orientations from sedimentary strata at depthsmore relevant
to UK unconventional reservoir development are perhaps more
appropriate to use than deeper earthquake focal mechanism data
or near-surface over-coring techniques. The reduced circular stan-
dard deviation and unambiguity of imaged and observed features is
also significantly improved relative to previous dual-caliper logs
studies (Evans and Brereton, 1990). However the results presented
in this paper represent a significant reduction in uncertainty greatly
reducing the range of possible SHMax orientations.
6. Conclusions
Renewed interest in the in-situ stress field within the
A. Kingdon et al. / Marine and Petroleum Geology 73 (2016) 1e20 19sedimentary successions of the UK is motivated by recent explo-
ration activities seeking to exploit onshore unconventional hydro-
carbon resources. It is envisaged that potential shale-gas resources
will be exploited through a combination of deviated drilling and
hydraulic fracture operations.
While previous studies have stated a regional SHmax orientation
of approximately NWeSE using borehole breakout analysis from
dual-caliper logs (Evans and Brereton, 1990), earthquake focal
mechanisms (Baptie, 2010) and near-surface overcoring techniques
(Bigby et al., 1992; Cartwright, 1997), this study has sought to utilise
high quality borehole image logs to elucidate the orientation of
SHmax with a greater degree of confidence and at depths relevant to
the exploitation of unconventional hydrocarbons in the UK. In
consequence, this study concentrates on identifying and quanti-
fying those intervals which have specifically shown evidence of
breakout formation. Only those sections where the explicit pres-
ence of breakouts can be demonstrated against a set of clearly
defined analysis criteria were then included. The presence of these
breakouts and the orientation of SHmax calculated from them are
therefore both repeatable and defensible.
Where geological understanding of the in-situ stress field using
downhole measurement tools is required, it is clear that only im-
aging logs with high borehole wall coverage provide an adequate
understanding of well bore failure processes. Although the mean
orientations of SHmax presented are comparable to the earlier study
of borehole breakouts (Evans and Brereton, 1990), the results pre-
sented here offer a significant reduction in uncertainty. This
reduction is a consequence of several factors:
 Greater availability and accessibility of relevant data.
 Availability of borehole imaging data.
 Better quality assurance of data and associated metadata.
 Systematic exclusion of data from boreholes that are signifi-
cantly deviated from vertical.
 Improved interpretation techniques, focussed on the identifi-
cation and analysis of specific observed features rather than
aggregated borehole measurements.
The combined results for all breakouts interpreted for this study
provide a mean SHmax orientation of 150.91 with a circular stan-
dard deviation of 13.07. The statistics for categories of imaging
tools are shown in Table 4, the mean SHmax orientation for each
category falls within ±10 of this with circular standard deviations
ranging from 5 to 16. Fig. 14 shows that the orientations of SHmax
are also consistent with depth. The general agreement with the
observed orientations from published earthquake focal measure-
ments suggests that the crustal stresses at deeper seismogenic
depths are being transmitted effectively into the shallower sedi-
mentary succession.
The data sufficient to calculate stressmagnitudes is not available
for any of the wells with borehole imaging. Across the UK there are
only a limited number of leak off tests, hydraulic fracturing and
overcoring measurements available that can be used to calculate
magnitudes. This paper confirms that the stress orientation is
essentially uniform through the Triassic and Carboniferous strata of
northern and central England. Additional data can subsequently be
acquired, through rock test data from not yet released wells.
6.1. Policy implications and recommendations
The needs for hydraulic fracturing operations to allow the
development of unconventional hydrocarbon reservoirs has proven
controversial, especially given the potential for facilitating leakage
of natural gas into drinking water aquifer discussed in Davies et al.
(2014). This controversy has been further exacerbated in the UKfollowing induced seismicity at Preese Hall, Lancashire, in 2010.
Existing studies of in-situ stress orientation in the UK have
proven wholly inadequate for planning for hydraulic fracturing
operations. Regulation of the use of this technique in the UK will
require clear planning prior to regulatory approval of any such
activities, including consideration of the in-situ stress field around
the borehole. This study highlights that dual-caliper logging data
are of insufficient resolution to correctly identify the necessary
stress indicators. Only well developed borehole breakout, visible
over many metres, can be identified from dual-caliper logs whilst
DIFs are not visible at all.
Therefore it is the recommendation of the authors that regula-
tors in the United Kingdom, and other similar geological settings,
make acquisition of high-resolution borehole imaging mandatory
for assessment of unconventional reservoirs. This is due the
increased resolution in identifying stress field indicators which will
reduce the uncertainty in the orientation of the in-situ stress field.
This data must be interpreted prior to the commencement of any
hydraulic fracturing operation. This recommendation can only be
discounted where other tests of equal or greater accuracy can be
shown to have been undertaken. Under UK conditions assessment
of in-situ stress through dual-caliper data should not be deemed a
sufficient alternative.
It is a further recommendation that the results from any oper-
ator are made public so that a database of in-situ stress orienta-
tions, and if available magnitudes, can be collated to the benefit of
operators and regulators alike. In other parts of the world where
boreholes are drilled much deeper or in more active tectonic set-
tings (eg Alpine Forelands) dual-caliper logs may prove sufficient.
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